Aminação de derivados de 6-cloropurina em água, assistida por microondas, resultou na preparação de análogos de aminopurina 6-substituídas, em bons rendimentos. Usando um forno de microondas simples, modificado com aparelhagem para refluxo, a aminação do 6-cloro na estrutura da purina ocorreu em condições brandas. Foram preparados 19 análogos conhecidos e 16 desconhecidos de aminopurinas substituídas, através de substituição aromática nucleofílica com filtração simples ou coluna de cromatografia.
Introduction
In modern antiviral and antitumor therapy, an important role is played by modified nucleosides and their analogs, in which modified purine structures are frequently found.
1,2 6-Substituted aminopurine analogs, the aminated products of the 6-functional groups in purine structures, continued focusing attention due to their wide range of biological activities (inhibitors of Clostridium feseri growth, 3 cytokinin activity, 4 CIV-CDK (CIV1) and Candida albicans as antifungal medicines, 5 selective kinase, 6 agonists of the A 1 adenosine receptor, 7 the cysteine protease cathepsin K, 8 and platelet aggregation 9 ). Prominent examples of synthetic 6-substituted aminopurine analogs are N-cyclopentyl adenosine (CPA) and N-cyclohexyl adenosine (CHA) (two agonists for the adenosine A 1 receptors). 10 The traditional method for the synthesis of 6-substituted aminopurine analogs is the amination of halo, 11 oxo, 12 mercapto or methylmercapto 13 groups with various amines, which can be performed smoothly in organic solvents (BuOH, 11 CH 3 CN, 13 dioxane, 14 DMF, 15 or DMSO 16 ) in the presence of tertiary amines (Et 3 N, N,Ndimethyl cyclohexylamine or diisopropylethylamine) and the catalysts (P 2 O 5 , 14 K 2 CO 3 and Cu/K 3 PO 4 16 ). However, the complete conversion usually needs 2-24 h and the use of toxic organic solvents or relatively expensive reagents could not be avoided, which dose not conform to the requirement of modern pharmaceutical industry and environmental friendliness.
In any case, the development of efficient protocols for the synthesis of aminopurine analogs is still an important goal. Mild reaction conditions, short reaction times and high selectivity and yields are preferable, which makes us pay attention to microwave irradiation. Microwave assisted organic synthesis and functional group conversions have been an increasingly popular field as indicated by numerous publications in the past few years. 17 It often leads to rate enhancement, higher yields, easier work-up and better selectivity as well as shortening reaction times compared with the conventional heating methods. In spite of the body of literature about microwave accelerated organic synthesis, the references on the microwave-assisted synthesis of nucleoside compounds are only a few examples. In our previous research, we have prepared a series of modified nucleosides under microwave irradiation. 18 J. Braz. Chem. Soc. To avoid the contamination of organic solvents, we turn to water. Water as a kind of environmentally benign solvent for organic reactions has attracted more and more attention in recent years. 19 Synthesis using water as the solvent has several advantages, such as low toxicity, low cost, high yields and ease of manipulation. 20, 21 In this paper, we described a facile, efficient and ecofriendly protocol for the preparation of 6-substituted aminopurine analogs based on the nucleophilic substitution of 6-chloropurine derivatives with various amines in water under microwave irradiation. Using this green method, we obtained 19 known and 16 unknown 6-substituted aminopurine analog compounds in moderate to high yields.
Results and Discussion
In view of the limitations of the existing methods, a study of microwave assisted synthesis of 6-substituted aminopurine analogs in water using a simply modified microwave oven with the refluxing apparatus was undertaken. First of all the amination of model 6-chloropurine 1 with aniline producing 1b by conventional heating methods was reexamined (Scheme 1).
As shown in Scheme 1, the original conditions involved the use of Et 3 N (1.1 equiv.) and the keeping of the reaction mixture in DMF at 80-100 °C for 2-24 h. Based on these conditions, different solvents and different equivalents of aniline and Et 3 N to the precursor 6-chloropurine 1 were tested, widening the set of parameters (Table 1) . Table 1 summarized the studies carried out into variation of these conditions. In the original condition, the maximum conversion was reached at approximately 18h and 80 °C (compare entries 1, 2, 3 and 4 in Table 1 ), so we fixed 80 °C and 18h as the reaction temperature and reaction time to test the other conditions. It was quickly proved that the presence of Et 3 N was unnecessary. We found 1b could be also obtained in good yields when the equivalent of aniline was increased to 5 (compare entries 6, 9, 11, 12 in Table 1 ) but in lower yields when it was remained to 1.1 (entries 5 and 8) in the absence of Et 3 N. The results showed that the presence of Et 3 N strengthened the base of the reaction mixture and the nucleophilicity of aniline, which could be complemented by the enhanced amount of aniline.
The solvent was examined subsequently. As shown in Table 1 (entries 6, 9, 11, 12), the solvent could be replaced by H 2 O and the product 1b was still formed in good yield. The possible explanation is that the polarity of water is lower than DMF and higher than BuOH and EtOH, which makes water an appropriate medium to allow 1b to crystallize from the reaction system. The experimental fact proved it that 6-chloropurine 1 solved completely after the addition of colorless aniline to its suspension in water and 1b precipitated out from the aqueous solution because of lower polarity and solubility of 1b in water than that of 1.
Finally, the amount of aniline was examined. Although 1b formed in good yields as the equivalent of aniline to 1 was 5, there was unreacted aniline left and need to wash many times, which made some loss of 1b. The excellent results were obtained when the equivalent was 3 (compare entries 9 and 10 in Table 1 ). Running the reaction with 3 equiv. aniline in water under microwave irradiation appeared to proceed more efficiently (entries 13 and 14 in Table 1 ). At 200W for 2 min, the reaction mixture began to boil and could be condensed by the refluxing apparatus. The attempt to increase microwave power in order to reduce reaction time is unsuccessful because the reaction vapor could not be condensed as soon as possible with the elevated temperature quickly, which would increase the possibility of the release of aniline to the air.
After some experiments, the best procedure for the irradiation is described as follows. The reaction mixtures were irradiated successively for 2.5 min periods followed by a 3 min cooling interval between irradiations. This method was designed to avoid overheating of reactants since the simply modified microwave oven lacks the attributes of stirring and temperature control.
After fixed the procedure, irradiation time was tested ( Table 2) . Inspection of data showed the conversion increased with the prolonging of reaction time and the best result was achieved between 8 and 10 min. Compared Table 1 and 2, the conclusion can be easily reached that microwave assisted synthesis of 6-phenylaminopurine 1b can reduce the long reaction time of conventional thermal methods to 10 min.
Having established a simplified reaction protocol (Scheme 2), we applied the modified conditions to a series of 6-chloropurine derivatives (1-9) and various amines (10a-e) ( Table 3) . For comparison most reactions were run for the same irradiation power (200W) and time (10min). The by-product of these reactions, hydrogen chloride, was quenched by amines, used as nucleophiles and bases, forming ammonium salts, thus avoiding its release into the environment. The existence of ammonium salts was not an obstacle to the purification of 6-substituted aminopurine analogs because the latter are the crystalline solids, which are poorly soluble in water and can be separated easily from the former by direct filtration.
We found this protocol allowed 6-substituted aminopurine 1-3,a-e to be isolated with moderate to high yields (entries Table 2 ). For 6-chloropurine 1 and 2,6-dichloropurine 2, on adding the amines to their suspension a clean solution and a heterogeneous oil phase at the bottom of the flask could be obtained because the amines helped 1 and 2 solve in water. When irradiated, the reaction mixture boiled within a few seconds and the two phases merged well and reacted quickly. The refluxing apparatus made the reaction vapor and the amines with low boiling points return to the reaction systems. Then the mixtures were cooled to room temperature and some solids crystallized slowly. After filtering and washing, the crystals obtained showed short melting ranges and comprehensive attributes of amine and purine structure in NMR and IR, which indicated the desired products 1a-e and 2a-d were prepared. After the mixture of 2 and p-ethoxyphenyl amine 10e was irradiated, a white solid emerged which polarity was so high that it could not solve even in DMF and DMSO, so it was given up. For 2-amino-6-chloropurine 3, after the addition of amines and during the irradiation, no clean solutions were obtained except the reaction with cyclohexylamine 10a. 3a crystallized slowly from the solution after cooled to room temperature about 30 min, but 3b-e were formed during the reaction, which could be proved by NMR that the solids filtered completely were expected products. We prepared 6-chloro substituted purine acyclic nucleosides 4, 5, 6 and 9 according to the reported methods, 22 and applied 4-6 to our aminating protocol, then obtained the desired acyclic 6-substituted aminopurine nucleosides 4-6,a-e in high yields after column chromatography purification (entries 15-28 in Table 3 ). The products 4-6,a-e are new compounds and their structures, proven by NMR, IR and MS, are described in the experimental section and Supplementary Information. Under the same conditions, 6-chloropurine nucleoside 7 obtained 7a-e in 82-91% after simply filtration (entries 29-33 in Table 3 ). As 2', 3', 5'-triacetyl-2,6-dichloropurine nucleoside 8 and 2,6-dichloro-9-[(2-acetoxylethoxy) methyl]purine 9 reacted with 10a, the deacetylated products 8a (entry 34) and 9a (entry 35 in Table 3 ) were prepared and no satisfactory results were given: (i) No obvious reaction was monitored by TLC immediately after the irradiation; (ii) On a long time standing (2 days), there is no any solid precipitated out. TLC showed the disappearance of 8 and the appearance of deacetylated product 8a and acetylated product 8a'. And for 9, there was about half conversion to the desired product 9a. After chromatography, 8a, 8a'and 9a were isolated in rather low yields (26-42%) . NMR proved the replacement of -OAc to -OH and 6-chloro to 6-cyclohexylamino, which made 8a and 9a easily solve in water because of their increased polarity compared to 8 and 9 and was the possible reason to the above experimental phenomena. It indicated that the differences of solubility in water between the starting materials and the products played an important role when water acted as the reaction medium.
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Conclusions
In conclusion, we reported an environmentally benign microwave-assisted protocol for the rapid and direct amination of 6-chloropurine derivatives to prepare 6-substituted aminopurine analogs 1-7,a-e in 10 min via nucleophilic substitution, making full use of the soluble differences in water between the starting materials and the products. Products with moderate to high purity were isolated by filtration directly and column chromatography. The by-product, hydrogen chloride, is quenched as an ammonium salt in the course of the reaction, avoiding its release to the air, which presents an additional environmentally friendly synthetic advantage.
Experimental
H and
13 C NMR spectra were recorded in DMSO-d 6 solutions on a Bruker DPX-400 spectrometer (at 400 MHz and 100 MHz, respectively) using TMS as internal standard. Chemical shifts (δ) are reported in ppm and coupling constants (J) are given in Hz. IR spectra were recorded on a Bruker Vector 22 spectrometer, using KBr tablets, and the frequency being expressed in cm -1 . Mass spectra (ESI) were recorded on an Agilent 1100 (LC-MSD-Tarp-SL) mass spectrometer. Elemental analyses were performed on an EA-1110 (CE Instruments) instrument. Melting points were determined with an XRC-1 micro melting point apparatus and are uncorrected. TLC analysis was carried out on silica gel plates (Merck, silica gel 60F 254 ) and column chromatography was performed on silica gel (Merck, 200-300 mesh). All the reactions were carried out in a simply modified microwave oven (SANYO EM-202MSI, 2450MHz) attaching the refluxing apparatus. A hole is designed in the microwave oven through which a roundbottomed flask is fixed and can be refluxed directly. Irradiation time can be prefixed by the time apparatus and output power can be shown in the electric current bell according to the working curve of the oven. For example, 90 mA in electric current bell stands for output power 200W. The reaction temperatures are measured immediately after the stop of irradiation by putting the thermometer into the reaction mixtures. 919 Microwave Assisted Synthesis of 6-Substituted Aminopurine Analogs in Water Vol. 17, No. 5, 2006 Procedure for the optimization of the amination conditions 6-chloropurine 1 (0.3 g, 2 mmol) is dissolved in 10 mL of different solvents (see Table 1 ) in a 50 mL round-bottomed flask and aniline is added to the suspension, which equivalents are 1.1 (0.22 mL, 0.22 mmol), 3 (0.6 mL, 0.6 mmol), 5 (1.0 mL, 10 mmol), respectively. Different amount of Et 3 N is added as the design in Table 1 , and then keep the oil bath temperature to 80 °C (or 100 °C) for 12h, 18h or 24h. After the reaction, the mixtures (DMF, BuOH, EtOH as the solvents) are concentrated in vacuum. As a result, they become thicker and their colors become deeper (red for DMF and yellow for BuOH, EtOH). Add appropriate amount silica gel (Merck, 200-300 mesh) to the concentrated reaction mixtures and make them disperse well, and then purify by column chromatography with CHCl 3 /CH 3 OH (9/1, v/v). Solid can be filtered from the mixtures and the filtrate is concentrated to 1/3 volume, some products crystallized again and collected. The yields are listed in Table 1 .
Procedure for the optimization of irradiation time and power
On adding 0.6 mL aniline (3 equiv.) to the suspension of 0.3 g 1 in 10 mL water, a clean solution obtained as well as a heterogeneous oil phase at the bottom of the flask. The flask is fixed to the microwave oven and irradiated successively for 2.5 min periods followed by a 3 min cooling interval between irradiation at 200 W for 5 min, 8 min, 10 min and 13 min (that is the irradiation is stopped at the second, third, fourth and fifth interval). Different amounts of product 1b are obtained and the yields are listed in Table 2 .
When irradiated at the power of above 200 W, the reaction mixture boiled violently within 40 seconds and cannot be condensed to return to the flask as soon as possible, which made it spill to the air. To avoid that, we choose 200 W as the irradiation power.
General procedure for the synthesis of 6-substituted aminopurine analogs 1-7,a-e and 8a, 8a', 9a
Amine (6 mmol) is added to a stirred suspension of 6-chloropurine derivatives 1-9 (2mmol) in water (10 mL) in a 50 mL round-bottomed flask. After vibration, the flask is moved into microwave oven and irradiated at 200W for 10 minutes. At each interval, TLC monitors the reaction progress. When the reaction completed, the mixture is cooled to room temperature and desired 6-substituted aminopurine analogs 1-3,a-e and 7a-e precipitate out. Then filter the solid directly followed by washing with cold water (3×5 mL). The filtrate is concentrated to 1/3 volume, and collects the products crystallized again from the mixture. The products 4-6,a-e and 8a, 8a', 9a are purified by column chromatography with CHCl 3 /CH 3 OH (9/1, v/v) for 4-6,a-e and CHCl 3 /CH 3 OH (97/3, v/v) for 8a, 8a', 9a after the concentration of the reaction mixtures.
Physical data of the known compounds had been partly reported in the literatures 4, [23] [24] [25] [26] and melting points of 2a and 3a are not identified with the literatures 4,23 although the NMR spectra have proved their structures.
Spectroscopic data of new compounds
Note: Assignments of H and C are given according to purine nucleoside numbering: 
9-β-cyanoethyl-6-cyclohexylamino purine (4a
9-β-cyanoethyl-6-(p-tolylamino) purine (4c
2-chloro-9-β-cyanoethyl-6-(p-tolylamino) purine (5c
2-amino-9-β-cyanoethyl-6-phenylamino purine (6b).
Colorless flake crystal; mp 246-247 °C. 1 Amine (6 mmol) is added to a stirred suspension of 6-chloropurine derivatives 1-9 (2 mmol) in water (10 mL) in a 50 mL round-bottomed flask. After vibration, the flask is moved into microwave oven and irradiated at 200 W for 10 minutes. At each interval, TLC monitors the reaction progress. When the reaction completed, the mixture is cooled to room temperature and desired 6-substituted aminopurine analogs 1-3,a-e and 7,a-e precipitate out. Then filter the solid directly followed by washing with cold water (3×5 mL). The filtrate is concentrated to 1/3 volume, and collects the products crystallized again from the mixture. The products 4-6,a-e and 8a, 8a', 9a are purified by column chromatography with CHCl 3 /CH 3 OH (9/1, v/v) for 4-6,a-e and CHCl 3 /CH 3 OH (97/3, v/v) for 8a, 8a', 9a after the concentration of the reaction mixtures.
2-amino-9-β-cyanoethyl-6-(p-tolylamino) purine (6c
2-amino-9-β-cyanoethyl-6-(p-methoxyphenylamino) purine (6d
6-(p-ethoxyphenylamino)-9-(β-D-ribofuranosyl) purine (7e
2-chloro-6-cyclohexylamino-9-[(2-hydroxylethoxy) methyl]purine (9a
Physical data of the known compounds had been partly reported in the literatures (see references 23-27 in the original manuscript) and melting points of 2a and 3a are not identified with the literatures (see references 23 and 24 in the original manuscript) although the NMR spectra have proved their structures.
6-cyclohexylamino purine (1a)
White crystal; mp 210-211°C (lit. 210-211°C). 26 
6-(p-tolylamino) purine (1c)
White needle crystal; mp 259-260 °C (lit. 242-243°C). 
6-(p-methoxyphenylamino) purine (1d)
Colorless needle crystal; mp 279-280 °C. 
6-(p-ethoxyphenylamino) purine (1e)
White needle crystal; mp 270-272 °C. 1 
2-chloro-6-cyclohexylamino purine (2a)
White powder; mp 290-294 °C. 
2-chloro-6-phenylamino purine (2b)
White needle crystal; mp>300 °C. 1 313 (bs, 1H, H-9 ). 13 C NMR (DMSO-d 6 ) δ 118.47 (5-C), 121.16, 123.74, 128 .99, 139.37 (C Ar ), 141.01 (8-C), 151.68 (6-C), 152.02 (4-C), 152.57 (2-C).
2-chloro-6-(p-tolylamino) purine (2c)
White powder; mp>300 °C. 
2-chloro-6-(p-methoxyphenylamino) purine (2d)
2-amino-6-cyclohexylamino purine (3a)
Lustrous white flakes; mp 184-187 °C.
1 H NMR (DMSO-d 6 ) δ 1.182-1.869 (m, 10H, H cyclohexyl), 4.071 (s, 1H, H-1 cyclohexyl), 5.599 (s, 2H, NH 2 ), 6.693 (d, 1H, NH), 7.638 (s, 1H, H-8).
2-amino-6-phenylamino purine (3b)
White powder; mp 290 °C.
1 H NMR (DMSO-d 6 ) δ 6.000 (s, 2H, NH 2 ), 6.966 (t, 1H, J 7.6Hz, H Ar ), 7.275 (t, 2H, J 7. 
2-amino-6-(p-tolylamino) purine (3c)
Lustrous flakes; mp 242-245 °C. 1 
H NMR (DMSO-
d
2-amino-6-(p-methoxyphenylamino) purine (3d)
White powder; mp 290 °C (dec. 1H, H-8), 9.603 (s, 1H, NH) . 13 
2-amino-6-(p-ethoxyphenylamino) purine (3e)
9-β-cyanoethyl-6-(p-tolylamino) purine (4c)
Broken-white powder; mp 173-174 °C. 1 
9-β-cyanoethyl-6-(p-methoxyphenylamino) purine (4d)
Colorless column crystal; mp 80-82 °C. 1 
9-β-cyanoethyl-6-(p-ethoxyphenylamino) purine (4e)
2-amino-9-β-cyanoethyl-6-(p-ethoxyphenylamino) purine (6e)
White needle crystal; mp 177-178 °C. 
6-cyclohexylamino-9-(²-D-ribofuranosyl) purine (7a)
White flake crystal; mp 187-188 °C (lit.187-188 °C). 
